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 16 
Abstract 17 
Earthquake-triggered volcanic activity promoted by dynamic and static stresses are considered 18 
seldom and difficult-to-capture geological processes. Calderas are ideal natural laboratories to 19 
investigate earthquake-volcano interactions due to their sensitivity to incoming seismic energy. 20 
The Campi Flegrei caldera, Italy, is one of the most monitored volcanic systems worldwide. We 21 
compare ground elevation time series at Campi Flegrei with earthquake catalogues showing that 22 
uplift events at Campi Flegrei are triggered by large regional earthquakes. Over a 70 years time 23 
window we identify 14 uplift events, 12 of them were preceded by an earthquake, and for 8 of 24 
them earthquake-to-uplift timespan is within 1.2 yr. To investigate the process that may be 25 
responsible for such causative relationship we simulate the propagation of elastic waves and 26 
show that passing body waves impose high dynamic strains at the roof of the magmatic reservoir 27 
of the Campi Flegrei at about 7 km depth. This may promote a short-lived embrittlement of the 28 
magma reservoir’s carapace, which is otherwise impermeable during inter-seismic times. Such 29 
failure allows magma and exsolved volatiles to be released from the magmatic reservoir. The 30 
fluids, namely exolved volatiles and/or melts, ascent through a nominally plastic zone above the 31 
magmatic reservoir. The proposed mechanism and the associated inherent uncertainties require 32 
further investigations but the new concept already implies that geological processes triggered by 33 
passing seismic waves may become apparent after several months, i.e. far behind the few-days 34 
time window normally accepted for dynamic triggering. 35 
 36 
1. Introduction 37 
Dynamic stresses associated with passing seismic waves generated by large earthquakes may 38 
trigger volcanic activity in the near- and in the far-field within days (Hill et al., 1995, 2002; 39 
Linde and Sacks, 1998). It is commonly accepted that surface waves, rather than body waves, are 40 
more efficient in promoting earthquake-volcano interactions (Hill and Johnston, 1995; Hill, 41 
2012a; Hill et al., 2002; Husen et al., 2004, 2004; Manga and Brodsky, 2006). However, the 42 
proposed models are still difficult to test due to the paucity of recorded triggered events (Prejean 43 
and Haney, 2014). As calderas are sensitive to incoming seismic energy (Hill and Johnston, 44 
1995; Husen et al., 2004) they are considered ideal natural laboratories to investigate earthquake-45 
volcano interactions. Some magmatic systems underlying calderas periodically undergo rapid 46 
ground uplift phases (Acocella et al., 2015; Chiodini et al., 2012; Hurwitz et al., 2007; Hutnak et 47 
al., 2009; Todesco and Berrino, 2005) associated with intense local seismic activity and emission 48 
of volcanic gases marked by a strong magmatic component (Bodnar et al., 2007; Chiodini et al., 49 
2012, 2003; Hurwitz et al., 2007; Hutnak et al., 2009; Todesco et al., 2014; Todesco and Berrino, 50 
2005). Uplift phases (known at Campi Flegrei as bradyseismic episodes), generally followed by 51 
slow ground deflation (Del Gaudio et al., 2010) are thought to be driven by the rise of 52 
hydrothermal fluids or magmas (Battaglia et al., 2006; Bodnar et al., 2007; Chiodini et al., 2003; 53 
De Natale et al., 2006). 54 
The Campi Flegrei caldera near Naples, Italy, is characterised by frequent bradyseismic episodes 55 
that may reach vertical ground displacement rates of about 1 m/yr (Del Gaudio et al., 2010). 56 
Most models relate bradyseismic episodes to the pressurization of the shallow hydrothermal 57 
system by injection of deep fluids (Battaglia et al., 2006; Bodnar et al., 2007; Chiodini et al., 58 
2012; Hurwitz et al., 2007; Hutnak et al., 2009) while others invoke the intrusion of magma at 59 
shallow depths (Amoruso et al., 2014; Macedonio, 2014; Woo and Kilburn, 2010). Numerical 60 
modelling (Chiodini et al., 2012; Hurwitz et al., 2007; Hutnak et al., 2009; Todesco and Berrino, 61 
2005) in agreement with measured fumarole gas signatures (Chiodini et al., 2012, 2003, 2016a) 62 
suggests that CO2-rich fluids would be particularly efficient in generating the observed uplifts. 63 
Previous studies suggest that these fluids are released by a cooling magmatic body at ca. 6–7 km 64 
depth (Bodnar et al., 2007; Zollo et al., 2008) and accumulate beneath a low-permeability layer 65 
at ca. 3 km depth from which they are then episodically discharged. 66 
In spite of longstanding scientific efforts, a consistent and predictive model accounting for 67 
different geological processes at Campi Flegrei is still lacking. By combining analysis of uplift 68 
time series, statistical studies and forward simulations of seismic waves, we show evidence for a 69 
causal link between regional earthquakes and bradyseismic episodes. We then propose a 70 
mechanistic explanation of this link that integrates several of the above-mentioned aspects into a 71 
single coherent model. Most notably, our mechanism is compatible with the two scenarios 72 
suggesting the release of CO2-rich brines or the intrusion of magma at shallow depths as the 73 
driving force of the bradyseismic episodes. 74 
 75 
2. Observations 76 
Since 1905 two distinct phases of ground deformation can be recognised at Campi Flegrei (Del 77 
Gaudio et al., 2010; Martino et al., 2014): an overall deflation from 1905 to 1945 (not shown 78 
here) recorded by relatively sparse measurements (intervals of several years, refer to Del Gaudio 79 
et al., (2010) and Martino et al., (2014) for the entire time sequence), and an overall inflation 80 
from 1945 to present (recorded by more frequent measurements after 1980). 81 
SUGGESTED LOCATION OF FIGURE1 82 
To analyse earthquake-volcanoes interactions, namely dynamic triggering (that we define as a 83 
measured response of a given geological system caused by external forcing) we analysed 84 
inflation and deflation episodes for the period from 1945 to present finding that phases of 85 
accelerated uplift may be preceded by large- to middle-size regional earthquakes (Figure 1). This 86 
behaviour is more clear for the major uplift phases starting in 1950 (UL-1), 1967 (UL-3) and 87 
1981 (UL-7). For example, the UL-7 uplift episode (characterised by ca. 1 m/yr uplift rate) 88 
started approximately 10 months after the Mw 6.9 Irpinia earthquake in 1980. Also, a more recent 89 
and major uplift episode (UL-13) began in early 2010, 11 months after the Mw 6.3 L’Aquila 90 
earthquake in 2009 (Figure 1). Non-peer reviewed data seem to suggest that the Campi Flegrei is 91 
sensitive to passing seismic waves released by the three most recent regional earthquakes that 92 
occurred in Italy in the last decade (i.e., Mw 6.3 L’Aquila in 2009, Mw 6.2 Amatrice in 2016, Mw 93 
6.5 Norcia in 2016). Sansivero et al., (2012) observed marked temperature variations by means 94 
of thermal camera at the Solfatara (one of the several craters of the Campi Flegrei) following the 95 
Mw 6.3 L’Aquila earthquake (Figure 2a). Furthermore, a report of the Vesuvian Observatory 96 
(available at INGV's website) mentions that, verbatim: ”The borehole tilt station ECO recorded 97 
a permanent tilt of 0.65 µ in the E direction during the Mw 6.2 Amatrice, Italy, earthquake 98 
occurred on the 24th of August 2016 and a tilt of 0.17 µ over 19 mins in the WNW direction 99 
during the Mw 6.1 Norcia, Italy, earthquake on the 26th of October 2016”, (INGV October 100 
Report, 2016). Additionally, the INGV November Report (2016) shows that the seismic activity 101 
increased remarkably immediately after the Mw 6.5 Norcia earthquake on the 30th of October 102 
2016 (Figure 2b). 103 
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 105 
3. Data 106 
Sparse observations are often too descriptive and not rigorous enough to establish a causative 107 
relationship between earthquakes and response of the Campi Flegrei to external forcing. To 108 
investigate the possible association between earthquakes and bradyseismic episodes we first 109 
compared the ground elevation dataset (Del Gaudio et al., 2010; Martino et al., 2014) at Campi 110 
Flegrei with earthquake archives (Figure 1c). For the construction of the surface elevation curve 111 
of Figure 1c we combined two datasets at the reference point 25A in Campi Flegrei: the first is a 112 
reconstruction of the elevation curve from 1945 to 2010 (Del Gaudio et al., 2010); the second is 113 
derived from GPS measurements between 2000 and 2015 (Martino et al., 2014). Because the 114 
latter has time increment much shorter than the former, we smoothed its short-period 115 
oscillations. In particular, we created a common time vector using the 7-days time increment of 116 
the GPS dataset and mapped the elevation dataset onto this common time vector. Finally, from 117 
the combined dataset we calculated a 1-year moving average to obtain the 1945 - 2015 elevation 118 
curve shown in Figure 1c. We used a 1-year moving average as the focus of our work is on long-119 
term effects. Using a 1-year moving average allowed us to exclude short time-scale oscillations 120 
present in the GPS data (Martino et al., 2014). 121 
Next, we compiled a list of all regional earthquakes since 1945 that were larger than Mw 4.5 and 122 
closer than 300 km to Campi Flegrei (Figure 1a) and all teleseismic (i.e., worldwide, Figure 1b) 123 
earthquakes that were larger than Mw 6.5. To compare the effects of regional and teleseismic 124 
earthquakes at Campi Flegrei we calculated the peak ground velocity (PGV) imposed by each of 125 
these regional and teleseismic earthquakes at Campi Flegrei as a proxy for their mechanical 126 
impact on the caldera. To quantify the predicted PGV we used ground motion prediction 127 
equations. For the regional earthquakes we used an equation derived from the Italian strong 128 
motion database (Bindi et al., 2011) assuming that the site amplification effect for the reference 129 
station inside the Campi Flegrei caldera (40.82750°N, 14.1443°E) is class B (meaning that the 130 
shear wave velocities between 0 and 30 m depth range between 360 and 800 m/s). The 131 
coefficient Cj is the same for the entire catalogue, i.e., it is assumed as the average value 132 
obtained for different frequencies. Finally, we corrected for fault mechanisms for earthquakes 133 
from 1979 to 2015 and no focal mechanism was found for the Mw 6.6 earthquake in 1978. 134 
However, correction for the focal mechanism does not affect the estimate of PGV for the scope 135 
of our work (i.e. it affects the third digit after the comma). 136 
For teleseismic earthquakes we used a similar approach (Agnew and Wyatt, 2014) valid for 137 
teleseismic distances (between 500 km and 16000 km) and magnitudes 6.5 ≤ Mw ≤ 9.0. The 138 
equation estimates the maximum strain (ε) imposed by passing surface waves. As suggested by 139 
Manga et al., (2009) we approximate PGV ≃ εVs, with Vs being the shear wave velocity fixed at 140 
2500 m/s for the shallow part of the upper crust. It must be noticed that the equation to estimate 141 
the PGV for teleseismic earthquakes was derived for California (Agnew and Wyatt, 2014) and to 142 
the best of our knowledge, no regression equation for teleseismic and large-magnitude events has 143 
been published for Italy. To obtain realistic PGV results we calibrated Vs until the estimated 144 
PGV using the formula of Agnew and Wyatt, (2014) fits the measured PGV values at the 145 
reference station to one decimal place. More specifically, we calibrated our estimated PGV 146 
values according to measured PGV values imposed by recent major earthquakes (e.g., Mw 9.1 147 
Sumatra (2004), Mw 8.8 Maule (2010), Mw 9.0 Tohoku (2011), and Mw 7.1 Van (2011)) recorded 148 
at publically accessible INGV seismic stations nearby Campi Flegrei. 149 
Our observations rely on the criteria used to determine uplift events. To the best of our 150 
knowledge a quantitative description of bradyseismic events does not exist in the literature. 151 
Hence, we fit data-driven observations with a quantitative definition of bradyseismic event. Here 152 
we define bradyseismic episodes based on two criteria: either i) the uplift rate is larger than 1 153 
cm/yr (uplift episodes, shaded grey in Figure 1c) or ii) the uplift rate is 3 cm/yr faster than the 154 
average uplift rate of the preceding 3 years (decelerated deflation, shaded yellow in Figure 1c). 155 
Based on a qualitative inspection of the data we infer that 12 bradyseismic episodes were 156 
preceded by a regional earthquake with an estimated PGV above 0.1 cm/s (see column 3 of 157 
Table 1). Only two uplift episodes (UL-4 and UL-12) were not preceded by an earthquake with 158 
PGV>0.1 cm/s. The corollary that regional earthquakes with PGV>0.1 cm/s are followed by 159 
uplift episodes appears to hold for most of these earthquakes (Table 1). 160 
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Before 1980, ground elevation measurements are sparse but still allow us to constrain the onset 162 
of uplift episodes. Almost all the earthquakes with PGV>0.1 cm/s during this time period were 163 
followed by a ground level measurement, confirming an on-going deflation before the onset of a 164 
new uplift episode. The one exception is the Mw 6.1 Irpinia earthquake in 1962. We were unable 165 
to verify whether this earthquake was followed by an uplift episode due to the lack of ground 166 
elevation measurements. 167 
 168 
4. Statistical analysis 169 
To assess if the inferred association between earthquakes and bradyseismic episodes is 170 
statistically verifiable we carried out a binomial test to investigate the null hypothesis that uplift 171 
events are unrelated to earthquakes. To conduct the statistical study we considered regional and 172 
teleseismic earthquakes. For the regional earthquakes we had to exclude fore- and after-shocks 173 
that may bias the statistical analysis. The excluding criteria for regional earthquakes is shown in 174 
Table 1. We define a seismic sequence as the group of seismic events occurring within the 175 
estimated rupture area of the main shock (Wells and Coppersmith, 1994) as either foreshocks (up 176 
to two months before the main shock) or aftershocks (up to one year after the main shock). Then 177 
we assign the PGV imposed by the main-shock to the seismic sequence and discard the 178 
foreshocks and aftershocks in our analysis. This underestimates the total energy reaching the 179 
Campi Flegrei caldera. Next, binomial tests were used to compare with the following null 180 
hypotheses: 181 
(a) UL/DL onsets occurred randomly and were not related to a previous earthquake. 182 
(b) UL/DL peak uplift rates occurred randomly and were not related to a previous earthquake. 183 
We considered five time windows 0-1 years, 1-2 years, 2-3 years, 3-4 years, and 4-5 years before 184 
each uplift/deceleration onset/peak. We use a 1-year time window for this study as we previously 185 
used a 1-year moving average to build the surface elevation curve shown in Figure 1c. The 186 
probability (p) of an earthquake occurring within these time windows is given by the number of 187 
uplift/deceleration events (14) multiplied by the duration of each time window (1 year) divided 188 
by the length of the study (70 years). For a 1-year time window, this gives p=0.2, i.e. there is a 189 
20% probability of a random earthquake occurring within one of these pre-defined time 190 
windows. The probability (P) that r or more earthquakes with PGV>0.1 cm/s for regional events 191 
or PGV>0.01 for teleseismic events occurred during one of these time windows is given by: 192 
 𝑃 = !! !!! !!! !!!! !!! ! ,	 (1)	193 
where n is the total number of earthquakes with PGV>0.1 cm/s (regional events) or PGV>0.01 194 
cm/s (teleseismic events) that occurred during the study. Using the binomial test given by 195 
equation (1), we obtained the p-values (P in equation 1) summarized in Figure 3 and given in 196 
Table 2. 197 
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 199 
These values indicate that by using the full catalogue we could reject the null hypothesis (a) for 200 
the onset of uplift within one year of a regional earthquake (p-value 0.009) and (b) maximum 201 
rate of uplift between 2 and 3 years after the earthquake (p-value 0.049). As mentioned above, 202 
aftershock events may bias the statistical analysis favouring a causal relationship between 203 
earthquakes and uplift events. However, even with aftershocks removed from the catalogue, we 204 
could still reject the null hypothesis for the onset of uplift occurring within one year of regional 205 
earthquakes (p-value 0.007). Using this catalogue we could no longer verify the association 206 
between regional earthquakes and the maximum rate of uplift as for the same time delay (2-3 207 
years) we obtain a p-value of 0.3. Null hypothesis (a) cannot be rejected (p>0.05) for all other 208 
time windows. 209 
For teleseismic earthquakes, all null hypotheses were statistically verified (p-value>0.99), 210 
irrespective of the choice of the parameters of the binomial test (e.g., time window and PGV 211 
threshold). The test was repeated in reverse, i.e. with the number of time windows given by the 212 
number of earthquakes and with n and r given by the total number of uplift events and the 213 
number of uplift events that were followed by an earthquake during the assigned time window. 214 
This test gave similar results. In this case, we could still reject null hypothesis (a) (but not (b)) 215 
for regional earthquakes only. We also varied the PGV thresholds and found that our conclusion 216 
holds for PGV<0.22 cm/s for regional earthquakes and that, for teleseismic earthquakes, we 217 
cannot reject the null hypothesis regardless of our choice of PGV threshold. 218 
Overall the statistical tests suggest a causal link between bradyseismic episodes and regional 219 
earthquakes and indicate that bradyseismic episodes are unrelated to teleseismic earthquakes. We 220 
propose that dynamic triggering is the process that is responsible for activating fluid release from 221 
the magmatic reservoir underlying the caldera. 222 
 223 
5. Numerical Modelling 224 
To identify the possible underlying mechanism for how incoming seismic energy may trigger 225 
delayed surface uplift we simulated body wave propagation through the impedance velocity 226 
structure of the Campi Flegrei (Vanorio et al., 2005; Zollo et al., 2008). The static model (Figure 227 
4) used for numerical seismic wave propagation modelling is based on an interpreted 228 
tomography (Vanorio et al., 2005) and a seismic reflection study (Zollo et al., 2008) and takes 229 
into account density variations (Petrillo et al., 2013). The geometry was discretized into a rotated 230 
staggered finite-difference grid of 2.5x107 nodes with a grid spacing of 0.675 m. We used 231 
periodic boundary conditions on the sides of the model domain and a free surface at the top of 232 
the domain. 233 
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The amplitude of the incoming synthetic wave is constrained such that the average vertical 235 
displacement at the surface in the simulations matches the amplitude of the recorded seismic 236 
wave that we used to calibrate the simulations. We simulate body and surface waves. P- and 237 
Love waves have weaker effects compared to S- and Rayleigh waves, respectively, and are not 238 
shown here. For body waves we assumed a central frequency of 1 Hz and for surface waves a 239 
central period of 20 s. This was because Hill (2012b) shows that surface waves with central 240 
periods around 20 s may be particularly effective in pumping fluids out of magmatic reservoirs. 241 
Because the frequency of the simulated body wave is 1 Hz, we can assume that the resulting 242 
maximum absolute strain value on a specific component of the strain tensor obtained from our 243 
simulations may translate directly to strain rate values. The numerical code used in this study 244 
(Saenger et al., 2000) assumes an elastic domain. The full procedure, from discretization to 245 
model calibration is described in Lupi et al. (2013). To construct the numerical model we 246 
simplified the magmatic reservoir as an elliptical magma chamber. We calibrated the model with 247 
observed frequency contents and ground displacements caused by several earthquakes for both 248 
regional and teleseismic events. Maximum strains (Figure 5a) generated by incident shear waves 249 
at 1 Hz (central frequency) reach 10-5 while energy densities (Figure 5b) are in the order of 1 250 
J/m3. Seismic wave simulations using lower central frequencies (i.e., 0.5 Hz) yield lower but still 251 
significant values (i.e., maximum strains of 10-6). 252 
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Simulations of Rayleigh waves with a central period of 20 s highlight that surface waves impose 254 
remarkably weaker shear strains compared to shear waves at Campi Flegrei on the deep 255 
magmatic reservoir (i.e., three orders of magnitude less) (Figure 6). Elevated strain rates and 256 
maximum energy densities focus in regions characterized by large seismic impedance contrasts, 257 
such as the interface between the deep magmatic reservoir and the host rocks. This coincides 258 
with regions of inferred breaching of low permeability zones (Bodnar et al., 2007) (i.e., at ca. 3 259 
km depth and at the top of the magma reservoir at ca. 7 km depth). According to our simulations, 260 
energy density appears to be more effectively captured when seismic waves travel from a low to 261 
a high shear wave velocity body and not vice versa. Hence, direct body waves released from 262 
regional earthquakes crossing the magma-host rock impedance contrast from below, rather than 263 
surface waves generated by teleseismic events penetrating the system from surface to depth, 264 
seem to be more effective in focusing dynamic strains at the interface between the magmatic 265 
reservoir and the host rock. This is in agreement with our statistical analysis as at short epicentral 266 
distances (i.e., for regional earthquakes) PGV is principally caused by body waves (Kulhánek, 267 
2002). 268 
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6. Discussion 270 
The ground at calderas undergoing bradyseism is constantly in motion with either uplift or 271 
deflation dominating the temporal evolution. Continuous monitoring allows identification of 272 
single uplift events of highly variable magnitudes, but the precise timing of onset and peak uplift 273 
is naturally blurred by the superposition of events and can only be approximated by identifying 274 
acceleration and deceleration of ground motion. Typically, the bradyseismic events indicate a 275 
delay time of about one to three years between onset and peak of uplift, followed by a longer 276 
period of deflation. A conceptual mechanistic model therefore not only has to provide a plausible 277 
explanation for the trigger but also for the intrinsic year-long timescales of ground motion and its 278 
natural variability. 279 
In line with the variability of the delay time, our statistical analysis indicates that the relationship 280 
between regional earthquakes and onset of uplift is stronger than the relationship between 281 
regional earthquakes and peak of uplift. We further test if larger earthquakes trigger faster uplifts 282 
by plotting the peak uplift rate against PGV of all earthquake-uplift event-couples (red dots in 283 
Figure 7), which suggests a positive correlation for the regional earthquakes, but no correlation 284 
for teleseismic earthquakes (blue dots in Figure 7). Even though data is sparse and the correlation 285 
may be dominated by a prominent earthquake-uplift couple (i.e the M6.9 Irpinia) the plot further 286 
supports a causal relationship between regional (and not teleseismic) earthquakes and uplift 287 
events. 288 
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The results of the numerical simulations indicate that the incoming seismic energy from regional 290 
earthquakes has the strongest effects at the base of the shallow hydrothermal system and at the 291 
roof of the magma chamber. The wave-induced short-lived dynamic strain rates localized at 292 
approximately 7 km depth (Figure 5) can temporarily induce embrittlement in regions of 293 
otherwise hot ductile rocks around the magma chamber. The ductile yield curve can be 294 
approximated (Fournier, 1999) as: 295 
 ⋵=A(σ1–σ3)n exp[–Q/(RT)], (2) 296 
where ⋵ is strain rate, R the universal gas constant, σ1–σ3 the differential stress affecting the 297 
media, T temperature, n the stress exponent, and Q (activation energy) and A coefficients 298 
representing the type of lithology. As A, n, Q, R, and T are constant at a given point in the 299 
system, the passing wave induces increased strain rates and higher differential stresses (σ1–σ3) 300 
shifting the ductile yield curve to greater depths (Figure 8a). This creates a short-lived (co-301 
seismic) brittle region (red region in Figure 8b) within the otherwise ductile domain. The 302 
resulting failure taps the reservoir of accumulated magmatic fluids (Figure 8c). Note that we do 303 
not discuss static stress triggering in our manuscript because static stress triggering operates at 304 
the fault length scale (Toda et al., 2011). Although static Coulomb stresses cannot be ruled out 305 
for the 1980 M6.9 Irpinia earthquake, we propose that static stress variations imposed by 11 out 306 
of 12 earthquakes do not impose significant stress variations at Campi Flegrei because the 307 
epicentral distance from Campi Flegrei is too large.  308 
Earlier conceptual models (Fournier, 1999) and more recent numerical simulations for ore-309 
forming magmatic-hydrothermal systems (Weis et al., 2012) suggest that the released magmatic 310 
fluids can rapidly ascend through a hot, nominally ductile region with lithostatic fluid pressure 311 
above the magmatic reservoir. The timescale of the vertical ascent of overpressured fluids from 312 
the magma reservoir depends on the amount of permeability increase due to hydraulic fracturing, 313 
which is not trivial to constrain. Numerical modelling of fluid release in porphyry copper 314 
systems suggest that permeability increase and flow rates depend on the amount of overpressured 315 
fluids, which in turn depends on the release rate from the magma chamber, attaining velocities in 316 
the order of km/yr (Weis et al., 2012). The numerical model further suggests that once the fluids 317 
are released, they will continue ascending as pulses of overpressured fluids invoking upward-318 
moving permeability-creating fracturing events. Permeability estimates in response to major 319 
earthquakes indicate that even higher flow rates can be temporarily obtained in even deeper 320 
crustal levels (Ingebritsen, 2012). The inferred process of fluid ascent will naturally also depend 321 
on the state of the magmatic system, in particular on the availability of fluids during the seismic 322 
triggering event. On the other hand, events of fluid release may also be caused by the evolution 323 
of the magmatic system itself and therefore do not require an external trigger (Fournier, 1999).  324 
The inferred process would therefore also be consistent with missing earthquake-uplift couples 325 
and variable onset-to-peak delay times. 326 
Supercritical H2O-CO2 mixtures with compositions observed at Campi Flegrei fumaroles 327 
(Chiodini et al., 2003, 2012, 2016) will remain at near constant density of ca. 0.5 g/cm3 during 328 
ascent through the lithostatically pressured region. The time lags identified in this study 329 
approximately represent the time necessary for the fluids to migrate from the magmatic reservoir 330 
to the top of the ductile region at Campi Flegrei located at approximately 3 km depth (Petrillo et 331 
al., 2013). There, a strong expansion is caused by phase separation of the H2O-CO2 fluid mixture 332 
under hydrostatic conditions (Figure 8c). 333 
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The phase separation can efficiently impose significant uplifts as shown in previous studies 335 
(Chiodini et al., 2012; Hutnak et al., 2009; Todesco and Berrino, 2005) and, once fluid pressure 336 
is dissipated, the ground may subside again (Todesco et al., 2014). Our proposed mechanism is 337 
in agreement with numerical models suggesting that deflation periods follow episodic fluid 338 
fluxes, possibly in conjunction with permeability and/or porosity changes due to hydraulic 339 
fracturing, fracture sealing and/or compaction of the porous medium in relation to fluid-driven 340 
pressure variations (Chiodini et al., 2012; Hutnak et al., 2009; Todesco et al., 2014; Todesco and 341 
Berrino, 2005). The onset of uplift may be less affected than the peak of uplift by shallow 342 
processes that are activated by the upwelling fluids once they enter hydrothermal system (e.g., 343 
reactivation of different fault systems, variations of permeability, slow versus fast thermal 344 
expansion), which could explain the differences in statistical relevance.  345 
At Campi Flegrei, long-term deflation periods (e.g., 1985-2005) are suggested to be associated 346 
with compaction of the porous media driven by fluid pressure drops in the order of 1 MPa 347 
(Todesco et al., 2014). In line with these models, our proposed mechanism infers that the onset 348 
of the deflation phase occurs when the fluid pressure induced by the expansion of the H2O-CO2 349 
fluid mixture, which drives the uplift phase, is relaxed. This is due to a reduced provision of 350 
fluids from depth and the contemporaneous fluid release from the shallow hydrothermal system 351 
(which increases from approximately 3400 ton/day during deflation periods to approximately 352 
12000 ton/day during uplift events (Todesco and Berrino, 2005). 353 
Our model is also in agreement with recent findings (Chiodini et al., 2016b) pointing out that 354 
magmatic volatiles released by magmatic bodies in a near-critical-state (i.e., the magmatic 355 
reservoir at 7 km depth beneath Campi Flegrei) can cause volcanic unrest. The Campi Flegrei is 356 
a system capable of retaining near-critical conditions in the shallow hydrothermal systems, and 357 
possibly at greater depths, thanks to the geotechnical properties of the shallow lithologies 358 
capable of withstanding elevated strain rates (Vanorio and Kanitpanyacharoen, 2015). 359 
Our study points out that processes activated by passing seismic waves may become apparent 360 
long after the time span of few days commonly accepted for dynamic triggering. Although for 361 
Campi Flegrei we notice that 8 out of 12 uplift events began within 1.2 yr from the triggering 362 
earthquake, the earthquake-uplift time lag may vary. We argue that such variable time window 363 
exists because the proposed process of fluid release and ascent is influenced by several first-364 
order controls such as rate of fluid exsolution from the magma, CO2 content of the upwelling 365 
fluids, and amount of permeability increase during fluid ascent. Additionally, volcanic systems 366 
are geological environments with non-linear behavior undergoing inflation and deflation phases, 367 
implying that the preparedness of the volcanic system may vary over time. Vargas et al., (2017) 368 
show how the physical state of the hydrothermal and magmatic system of the Nevados del Ruiz, 369 
Colombia, changed over 20 years. The Campi Flegrei may have undergone similar variations 370 
over the last 70 years resulting in a continuous variation of the physical state of its hydrothermal 371 
and magmatic system, and hence its preparedness to dynamic triggering. This may play a key 372 
role in explaining the time-variations in the response timespans shown in Table 1 (and in Figure 373 
S1 in the supplemental material). The comparatively low occurrence of large magnitude regional 374 
earthquakes hampers the strength of statistical correlation, which is not favored by the two 375 
different types of dataset that we cross-correlate. However, the strong qualitative observations 376 
and the quantitative analysis (in particular for the post-1990 period) strongly support the 377 
temporal relationship between seismic events and maximum vertical uplift rates. 378 
This manuscript proposes a provocative idea relating earthquakes and uplift events. Further 379 
studies will be needed for verification and quantification of the proposed model, which has the 380 
potential to become a valuable observation for risk mitigation plans. More generally, if our 381 
proposed model is correct, the timescales of uplift could provide natural evidence reflecting fluid 382 
flow processes in magmatic-hydrothermal systems. 383 
 384 
Conclusions 385 
We show that the Campi Flegrei is sensitive to incoming seismic energy, i.e. body waves, 386 
released by regional earthquakes. Other calderas undergo similar phases of inflation and 387 
deflation, with some of them also be proven to be sensitive to incoming seismic energy. The time 388 
lags proposed in our study suggest that processes activated by dynamic triggering may become 389 
apparent long after the commonly accepted timespan of a few days. This introduces the concept 390 
of delayed dynamic triggering. Although examples of short-timing volcanic triggering (i.e. 391 
within a few days) are becoming more and more frequent such examples are still limited. 392 
However, disturbance of the magmatic systems, not necessarily directly causing immediate 393 
eruptions, could be a much more widespread process. Our work shows that potentially triggered 394 
changes can be manifested on timescales of several months. 395 
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FIGURES AND TABLES 584 
 585 
 586 
Figure 1. Earthquake catalogue and uplift data used in the study. A) Geographic distribution of regional and B) 587 
teleseismic earthquakes. Color-coding refers to imposed PGV at Campi Flegrei. C) One-year moving average of the 588 
ground elevation measured at the reference point 25A at Campi Flegrei and time distribution of earthquakes from 589 
1945 to present (adapted from Del Gaudio et al., 2010 and De Martino et al., 2014). The height of the bars 590 
represents the calculated PGV at Campi Flegrei. The inset in C shows the elevation curve for the 1990 to present 591 
period de-trended using the best-fitting sine curve. The earthquake dataset is publically available and can be 592 
retrieved from the Italian earthquake catalogue from 1945 to 2006 (Mele et al., 2007) and from the EMSC website 593 
from 2006 to present for the regional earthquakes and from the cached version of the USGS earthquake archive for 594 
the teleseismic earthquakes from 1945 to 2015. 595 
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 598 
 599 
 600 
 601 
 602 
Figure 2. Effects of regional earthquakes at Campi Flegrei. A) Chronograms of the maximum InfraRed 603 
temperature variations of the whole scene of the Solfatara after temperature residuals seasonal cyclicity removal - 604 
sky excluded (modified after Sansivero et al., 2012) Note the sharp peak after the Mw 6.3 L’Aquila earthquake. B) 605 
Number of local seismic events recorded at Campi Flegrei during October 2016. Note the increase on the 30th of 606 
October 2016, the day of the Mw 6.5 Norcia earthquake. 607 
 608 
 609 
 610 
 611 
 612 
 613 
 614 
 615 
 616 
Figure 3. Statistical study. The null hypothesis for the onset of uplift events could be rejected for the 0-1 year time 617 
period for both catalogues (see text). Note that in binomial tests it is possible to set any arbitrary time window to try 618 
to capture all earthquake/uplift pairs. However, the binomial test has a build-in penalty for doing so: if the time 619 
window is longer, the p-value will increase accordingly. The null hypothesis for the peak of uplift events could be 620 
rejected for the 2-3 years time period for the full catalogue and for the 2.3-3.8 years period (not shown here) for the 621 
catalogue of Table 2. The null hypotheses for teleseismic earthquakes were all verified.  622 
 623 
 624 
 625 
 626 
 627 
 628 
 629 
 630 
 631 
Figure 4. Velocity and density structure of the Campi Flegrei caldera. Both the P- and S-wave velocity structure 632 
(including the magma properties) are reconstructed from tomography and seismic reflection studies of the Campi 633 
Flegrei (Vanorio et al., 2005; Zollo et al., 2008). Density variations are taken from Petrillo et al. (2013). The 634 
velocity model measures 14x8 km and represents a E-W profile across the caldera. 635 
 636 
 637 
 638 
 639 
 640 
 641 
Figure 5. Simulation results at 1 Hz for S-waves. Results are calibrated with the seismic record of the L’Aquila 642 
earthquake for 1 Hz frequency at the INGV seismic station OVO (coordinates 40.82750°N, 14.39667°E). Note that 643 
maximum values are reached at shallow depths, in the central part of the model (i.e., at 3 km depth), and at the 644 
interface between the magma chamber and the overlying host rocks. 645 
 646 
 647 
 648 
Figure 6. Effects of Rayleigh waves with a period of 20 s at Campi Flegrei. Note that compared to Figure 5 the 649 
values of shear strain and energy density for surface waves are three and four orders of magnitude smaller, 650 
respectively. 651 
 652 
 653 
 654 
 655 
 656 
 657 
Figure 7. Linear relationship between calculated PGV and peak uplift rate. Larger PGV promote faster uplifts 658 
for regional earthquakes. No correlation could be found for teleseismic earthquakes. The he R2 value for a possible 659 
fitting line would be R2=0.47 (log10(peak uplift rate [cm/yr])=0.97*log10(PGV [cm/s])+1.37) The fitting is clearly 660 
dominated by the Mw 6.9 earthquake. However, when removing this event the linear correlation still appears. 661 
 662 
 663 
 664 
 665 
Figure 8. Conceptual model illustrating the effects of large earthquakes at the Campi Flegrei caldera. A) 666 
Strength-vs.-depth profile for various fluid factors (λ). λ is the ratio between pore fluid pressure and overburden 667 
stress. The intersection between the brittle yield curve (diagonal lines) and the ductile yield curve (curved lines) 668 
marks the brittle/ductile transition. Inter- and co-seismic times are marked in black and red, respectively. The 669 
incoming seismic waves impose local and temporarily high strain rates of ca. 10-5 s-1. Yellow stars indicate regions 670 
of embrittlement for different λ. B) Localization of high strains at the roof of the magma chamber promotes the 671 
release of single-phase magmatic fluids (purple circles) that subsequently flow through the ductile domain 672 
maintaining a quasi-constant volume. C) Upwelling fluids undergo phase separation (red and blue circles) and 673 
volumetric expansion at the base of the hydrothermal system. 674 
 675 
 676 
 677 
 678 
 679 
Table 1. Summary of major regional events of our catalogue in relation to bradyseismic episodes. Grey bars 680 
indicate each uplift period and show the beginning, the peak, and the end of the period. Mw is the moment 681 
magnitude and FM is the focal mechanism, where N, SS, R, and U, stand for normal, strike slip, reverse, and 682 
unknown, respectively. UL stands for uplift and DL for deceleration. The first panel of the table considers all the 683 
events with PGV greater than 0.1 cm/s that can be retrieved from the catalogues. Seismic events are progressively 684 
excluded from the first and second panel to obtain the third panel of the table that shows the seismic events (i.e., the 685 
main shocks) used to conduct the statistical study. The color coding indicates the criteria used to exclude the seismic 686 
event. 687 
 688 
ALL REGIONAL EARTHQUAKES WITH PGV>0.1 
 
ALL (AFTERSHOCKS AND PGV VALUES NOT 
CORRECTED FOR FOCAL MECHANISMS) 
 
EARTHQUAKES USED IN THE STATISTICAL STUDY 
All Regional events PGV>0.1 + Aftershocks  Regional events with PGV>0.1 Cleaned for Mw and Dist  
Regional events with PGV>0.1 cleaned for Mw and Dist and No 
Aftershocks, after correction for focal mechanisms 
EQ ranked 
on PGV Date Mw Dist PGV 
 
EQ ranked on 
PGV Date Mw Dist PGV 
 
EQ ranked on 
PGV Date Mw Dist 
PGV – 
corrected 
EQ 20 1948.633 5.6 157.83 0.17 
 
EQ 20 1948.633 5.6 157.83 0.17 
 
EQ 20-U 1948.633 5.6 157.83 0.17 
EQ 32 1948.641 5.4 157.48 0.11 
 
EQ 32 1948.641 5.4 157.48 0.11 
 
UL1 - 1949.816 - 1951.080 - 1952.518 
UL1 - 1949.816 - 1951.080 - 1952.518 
 
UL1 - 1949.816 - 1951.080 - 1952.518 
 
EQ 27-U 1950.680 5.6 199.53 0.13 
EQ 30 1950.302 4.4 41.68 0.12 
 
EQ 27 1950.680 5.6 199.53 0.13 
 
EQ 12-U 1960.030 5.0 52.36 0.24 
EQ 27 1950.680 5.6 199.5 0.13 
 
EQ 12 1960.030 5.0 52.36 0.24 
 
UL2 - 1960.050 - 1960.931 - 1961.506 
EQ 12 1960.030 5.0 52.36 0.24 
 
UL2 - 1960.050 - 1960.931 - 1961.506 
 
EQ 2-U 1962.641 6.1 81.27 1.02 
UL2 - 1960.050 - 1960.931 - 1961.506 
 
EQ 2 1962.641 6.1 81.27 1.02 
 
EQ 6-U 1967.764 5.1 47.43 0.32 
EQ 2 1962.641 6.1 81.27 1.02 
 
EQ 5 1962.641 5.7 80.06 0.48 
 
UL3 - 1968.052 - 1969.000 1972.603 
EQ 5 1962.641 5.7 80.06 0.48 
 
EQ 16 1962.641 5.3 88.44 0.21 
 
UL4 - 1975.458 - 1976.359 - 1977.221 
EQ 16 1962.641 5.4 88.44 0.21 
 
EQ 6 1967.764 5.1 47.43 0.32 
 
EQ 18-U 1978.291 6.1 296.45 0.20 
EQ 6 1967.764 5.1 47.43 0.32 
 
UL3 - 1968.052 - 1969.000 1972.603 
 
UL5 - 1978.401 - 1978.620 - 1979.100 
EQ 7 1968.041 6.3 355.8 0.31 
 
UL4 - 1975.458 - 1976.359 - 1977.221 
 
EQ 19-N 1979.719 
5.8
6 227.80 0.17 
UL3 - 1968.052 - 1969.000 1972.603 
 
EQ 18 1978.291 6.1 296.45 0.20 
 
UL6 - 1980.096 - 1980.537 - 1980.844 
UL4 - 1975.458 - 1976.359 - 1977.221 
 
UL5 - 1978.401 - 1978.620 - 1979.100 
 
EQ 1-N 1980.896 6.9 95.81 3.93 
EQ 11 1976.350 6.4 607.5 0.24 
 
EQ 19 1979.719 5.8 227.80 0.17 
 
EQ 13-N 1981.122 4.9 43.96 0.24 
EQ 18 1978.291 6.1 296.4 0.20 
 
UL6 - 1980.096 - 1980.537 - 1980.844 
 
UL7 - 1981.744 - 1983.642 - 1985.155 
UL5 - 1978.401 - 1978.620 - 1979.100 
 
EQ 1 1980.896 6.9 95.81 3.93 
 
EQ 4-N 1984.352 5.9 93.63 0.54 
EQ 19 1979.719 5.8 227.8 0.17 
 
EQ 33 1980.899 5.1 94.58 0.10 
 
UL8 - 1988.854 - 1989.391 - 1989.909 
UL6 - 1980.096 - 1980.537 - 1980.844 
 
EQ 21 1980.902 5.4 111.83 0.17 
 
EQ 10-SS 1990.347 5.8 147.66 0.25 
EQ 1 1980.896 6.9 95.81 3.93 
 
EQ 29 1981.044 5.2 109.10 0.12 
 
DL9 - 1992.764 - 1994.106 - 1994.106 
EQ 33 1980.899 5.1 94.58 0.10 
 
EQ 13 1981.122 4.9 43.96 0.24 
 
EQ 17-N 1997.738 6.0 265.56 0.20 
EQ 21 1980.902 5.4 111.8 0.17 
 
UL7 - 1981.744 - 1983.642 - 1985.155 
 
UL10 - 1999.9701- 2000.296 - 2000.583 
EQ 29 1981.044 5.2 109.1 0.12 
 
EQ 4 1984.352 5.9 93.63 0.54 
 
EQ 22-SS 2002.683 5.9 275.26 0.16 
EQ 13 1981.122 4.9 43.96 0.24 
 
EQ 15 1984.363 5.5 100.21 0.23 
 
EQ 8-SS 2002.835 5.7 116.94 0.30 
UL7 - 1981.744 - 1983.642 - 1985.155 
 
UL8 - 1988.854 - 1989.391 - 1989.909 
 
UL11 - 2005.528 - 2006.333 - 2006.908 
EQ 4 1984.352 5.9 93.63 0.54 
 
EQ 10 1990.347 5.8 147.66 0.25 
 
UL12 - 2008.518 - 2008.9978 - 2009.476 
EQ 15 1984.363 5.5 100.2 0.23 
 
EQ 24 1990.347 5.5 134.81 0.14 
 
EQ 3-N 2009.266 6.3 185.74 0.58 
UL8 - 1988.854 - 1989.391 - 1989.909 
 
DL9 - 1992.764 - 1994.106 - 1994.106 
 
UL13 - 2010.204 - 2012.792 - 2013.692 
EQ 10 1990.347 5.8 147.6 0.25 
 
EQ 17 1997.738 6.0 265.56 0.20 
 
EQ 14-N 2013.996 5.2 65.54 0.23 
EQ 24 1990.347 5.5 134.8 0.14 
 
EQ 25 1998.691 5.6 174.94 0.14 
 
UL14 - 2014.008 - still ongoing 
DL9 - 1992.764 - 1994.106 - 1994.106 
 
UL10 - 1999.9701- 2000.296 - 2000.583 
      EQ 17 1997.738 6.0 265.5 0.20 
 
EQ 22 2002.683 5.9 275.26 0.16 
 
Removed because:       
EQ 25 1998.691 5.6 174.9 0.14 
 
EQ 8 2002.835 5.7 116.94 0.30 
 
  Below Mw4.5 
 
  
UL10 - 1999.9701- 2000.296 - 2000.583 
 
EQ 9 2002.836 5.7 117.16 0.29 
 
  Further than 300 km threshold   
EQ 23 1999.775 3.8 20.05 0.16 
 
UL11 - 2005.528 - 2006.333 - 2006.908 
 
  Aftershock of same seismic sequence (kept the one 
EQ 22 2002.683 5.9 275.2 0.16 
 
UL12 - 2008.518 - 2008.9978 - 2009.476 
 
  with larger PGV) 
 
  
EQ 8 2002.835 5.7 116.9 0.30 
 
EQ 3 2009.266 6.3 185.74 0.58 
 
  Removed after fault correction - below 0.1 PGV cm/s 
EQ 9 2002.836 5.7 117.1 0.29 
 
EQ 28 2009.269 5.6 175.05 0.13 
      EQ 26 2005.391 4.4 36.07 0.14 
 
UL13 - 2010.204 - 2012.792 - 2013.692 
      UL11 - 2005.528 - 2006.333 - 2006.908 
 
EQ 14 2013.996 5.2 65.54 0.23 
      UL12 - 2008.518 - 2008.9978 - 2009.476 
 
UL14 - 2014.0082 
      EQ 3 2009.266 6.3 185.7 0.58 
            EQ 28 2009.269 5.6 175.0 0.13 
            UL13 - 2010.204 - 2012.792 - 2013.692 
            EQ 31 2012.388 6.1 510.8 0.11 
            EQ 14 2013.996 5.2 65.54 0.23 
            UL14 - 2014.0082 
             689 
 690 
 691 
 692 
 693 
 694 
 695 
 696 
 697 
 698 
 699 
 700 
Table 2. Results of statistical analysis. The null hypothesis can be verified for all cases except for those that are 701 
underlined. The null hypothesis can be rejected for the case in bold text and underlined. 702 
Binomial Test (no Aftershock considered, only the earthquakes in Table 1) 
 
0 -1 yr 1-2 yr 2-3 yr 3-4 yr 4-5 yr 
Onset (R-EQ) 0.007 0.97 0.40 1 0.97 
Peak (R-EQ) 0.55 0.95 0.30 0.30 1 
Onset (T-EQ) 1.0 1.0 1.0 1.0 1.0 
Peak (T-EQ) 1.0 1.0 1.0 1.0 1.0 
     
  
Binomial Test (Full catalogue) 
 
0 -1 yr 1-2 yr 2-3 yr 3-4 yr 4-5 yr 
Onset (R-EQ) 0.009 0.97 0.34 1.0 1.0 
Peak (R-EQ) 0.83 0.99 0.049 0.12 1.0 
Onset (T-EQ) 1.0 1.0 1.0 1.0 1.0 
Peak (T-EQ) 1.0 1.0 1.0 1.0 1.0 
 703 
 704 
 705 
 706 
 707 
 708 
 709 
 710 
 711 
Figure S1. Delay between earthquakes and onset of uplift. Note that 8 out of 12 earthquakes occur within 712 
approximately 1.2 yrs before the onset of uplift. 713 
